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The relationships between atmospheric circulation patterns and daily Iberian rainfall are
here explored at high spatial resolution (0.2◦) using the Jenkinson and Collison automated
classification scheme with 26 Weather Types (WTs). The WTs were computed by means
of the daily EMULATEMean Sea Level Pressure dataset (EMSLP) while the high resolution
precipitation database corresponds to the recent Iberia02 daily gridded precipitation
dataset over the 1950–2003 period. Six monthly indexes relating theWTs and precipitation
were analyzed: their Frequency, the Mean Precipitation, the Percentage Contribution, the
Area of Influence, the Precipitation Intensity, and Efficiency. Except for the Frequency
of the WTs, all other indexes were evaluated studying their spatial distribution over the
Iberian Peninsula, focusing on a WT and a month at time. A small number of WTs
(7) was found to capture a high percentage (∼70%) of monthly Iberian precipitation.
The Westerly WT is the most influent one, followed by the Cyclonic, the Northwesterly
and the Southwesterly WTs. Westerly flows, however, do not affect the Mediterranean
fringe or the Cantabrian coast, which are dominated by the Easterly and Northerly WTs,
respectively. Rainfall along the Mediterranean coastline and the Ebro basin depends on a
variety of WTs, but their effects are confined to narrow areas and short temporal intervals,
suggesting that local factors such as convective processes, orography and the proximity
to a warm water body could play a major role in precipitation processes. We show that
the use of daily gridded precipitation dataset holds the advantage of measuring the daily
rainfall amount due to each WT directly instead to relying on the predicted values of the
regression model as done in previous works.
Keywords: circulation weather types, daily gridded precipitation, Iberian Peninsula, spatial variability, seasonal
variability
INTRODUCTION
Rainfall variability is a well know characteristic of Mediterranean
climate, and it has been particularly well studied around
Mediterranean Basin particularly at the monthly and seasonal
scales (Corte-Real et al., 1995; Kutiel et al., 1996; Xoplaki et al.,
2004; Paredes et al., 2006). A comprehensive analysis for the entire
Mediterranean is presented in Dünkeloh and Jacobeit (2003),
which the authors show that their main modes of variability
capture 75% of precipitation variability, with up to five signifi-
cant atmospheric patterns responsible forMediterranean seasonal
precipitation.
In the context of Mediterranean basin, the Iberian Peninsula
(IP) has been recognized as one of the most challenging places
for analyzing spatial and temporal climate variability due to a
number of reasons (Lionello et al., 2012), namely: (1) the sin-
gular location of the IP in the transition between tropical to
mild climate in western area of Mediterranean basin; (2) its
confinement between two contrasted water masses (the Atlantic
Ocean and the Mediterranean sea); (3) its compact configuration
with the vast majority of the Peninsular area (circa 500,000 km2)
being enclosed by mountain chains. Additionally, the east-west
alignment of the major mountain chains contributes to shape the
high spatial variability of the region (Martin-Vide, 2004; Morata
et al., 2006; Valero et al., 2009; Casado et al., 2010). In particular
the IP orography has a strong influence on how low pressure sys-
tems affect the climate at a more local scale, as mountain ranges
can shield eastern regions from the predominant Atlantic mois-
ture advection (Gimeno et al., 2010). Some of these constraining
factors can produce a relative disconnection from general cir-
culation in some areas of IP, particularly in what concerns the
Mediterranean fringe and Ebro basin to the east, where local
factors can give marked regional variations as well as a high
regional variability of precipitation (Muñoz-Diaz and Rodrigo,
2004; Martin-Vide and Lopez-Bustins, 2006).
As an example of rainfall variability in the IP, Table 1 shows
a brief list of previous studies focusing on the regionalization of
precipitation. Differences in the number of regions retained can
result from different choices in what concerns: length of periods
considered, different spatial station density, but also distinct sta-
tistical methods used. Nevertheless, it is possible to state that three
main areas are often defined: northern and eastern fringes, (i.e.,
Cantabrian and Mediterranean coastland), and central-south,
being themountain chains the frontiers (see Figure 1A), although
they do not exactly match between authors.
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Table 1 | Examples of regionalization of precipitation in the IP.
Authors Time resolution Number of series Grid resolution Period Number of years Number of regions
Fernandez-Mills, 1995 Daily 68 – 1961–1990 30 10
Rodriguez-Puebla et al., 1998 Annual 51 – 1949–1995 47 4
Esteban-Parra et al., 1998 Seasonal 40 – 1880–1992 112 3
Martin-Vide and Gomez, 1999 Daily 35 – 1951–1990 40 3
Serrano et al., 1999 Monthly 40 – 1919–1992 74 7
Garcia et al., 2002 Monthly 40 – 1919–1992 74 6
Muñoz-Diaz and Rodrigo, 2004 Seasonal 32 – 1912–2000 89 3–4*
Morata et al., 2006 Daily 960 25 km2 1961–2003 43 7-5-3**
Queralt et al., 2009 Daily 102 – 1997–2006 10 8
Casado et al., 2010 Daily n.a. 50 km2 1961–1990 30 3
Cortesi et al., 2013a,b Monthly 3030 10 km2 1948–2003 56 1
*Depending on season.
**Different lags.
The aforementioned variability introduces difficulties when
modeling IP precipitation regimes particularly within the scope
of generation of climate change scenarios. Thus, downscaling of
precipitation over a limited region is often attempted through
the identification of the dynamical-statistical links between local
precipitation features and large scale atmospheric circulation pat-
terns (e.g., Quadrelli et al., 2001; Trigo and Palutikof, 2001;
Ramos et al., 2010).
There are several previous examples of atmospheric circulation
approach and precipitation analyses around the Mediterranean
basin. Kostopoulou and Jones (2007a,b) developed a classification
of circulation types for the EasternMediterranean and established
links with temperature and precipitation. In Greece, Michailidou
et al. (2009) presented a method for grouping weather types
(WTs) restricted to the cold and wet sub-period of the year. In
Israel, Saaroni et al. (2010) analyzed the relationship between the
low of Cyprus and precipitation during wet period (November
March). In Italy, Tartaglione et al. (2009) analyzed intense precip-
itation events covering the period from 1951 to 2000, comparing
the resemblance between two states of the atmosphere leading
to the same outcome. In the boundary region of the Swiss Alps,
Hanggi et al. (2011) analyzed how changes in WTs were related to
precipitation trends.
Likewise, there have also been developed downscaling
approaches linking the large scale atmospheric circulation and the
precipitation over the IP. The first objective classifications of the
atmospheric circulation were developed in the 1990s (e.g., Zorita
et al., 1992; Zhang et al., 1997; Romero et al., 1999; Santos et al.,
2005). At the same time a number of researchers was also inter-
ested in adopting a different approach, using slightly different
versions of the automated version of the LambWTs (e.g., Goodess
and Palutikof, 1998; Spellman, 2000; Trigo and DaCamara, 2000;
Goodess and Jones, 2002).
Queralt et al. (2009) presents an analysis of winter intensity
and frequency of precipitation based on 102 daily precipitation
stations over Spain which have been merged in eight different
regions. It was shown the complex regional relationship between
the most important large-scale atmospheric pattern, the North
Atlantic Oscillation (NAO) and precipitation which was also
revealed through the modulation of the NAO in the preferred
WTs associated to precipitation in each region. Casado et al.
(2010) using a grid of 203 points, described the variability of
winter precipitation over different climatic regions of Spain for
the period 1961–1990 using different WTs classification. In the
Ebro basin (northeast inland of IP), Vicente-Serrano and Lopez-
Moreno (2006) analyzed WTs and drought in winter period dur-
ing 1952–1999; they found a high spatial variability, and identified
different sectors and WTs related to intensification of droughts.
All of the above mentioned works deal with datasets character-
ized in general by a low station density for the vast area (circa
500,000 km2) of IP, but also the use of different periods, and
the tendency to restrict the analysis to wet winter season. In this
regard, the accuracy of spatial detail is quite low and information
for not-winter months is scarce. As a consequence, the spatial and
temporal variability of precipitation in the IP is not entirely cap-
tured and transitional areas, relief barrier effects, altitudinal effect
and subregional details, between other research targets, are not
well known. Last but not least, an extended area of IP registers
its maximum precipitation in transitional seasons, i.e., in spring
or autumn (de Luis et al., 2010) being information about such
periods virtually absent in many cases.
This limitation prompted the authors to use a much denser
dataset with ∼3000 stations for all Iberia (Cortesi et al., 2013a,b)
to model the monthly relationship between WTs and precipita-
tion following the approach of Trigo and DaCamara (2000). In
that work a large number of regression models were developed at
the monthly scale (one per station, about 3000 stations). Such a
vast amount of long-term (1948–2003) time series was obtained
after merging the dense network of monthly precipitation series
from MOPREDAS database (MOnthly PREcipitation DAtabase
of Spain) for Spanish land (Gonzalez-Hidalgo et al., 2011) and
a Portuguese database from INAG—Instituto da Água (Servicio
Nacional de Informaçao de Recurcos Hídricos) (Lorenzo-Lacruz
et al., 2011). According to this high density analysis it was found
that precipitation depends on higher number of WTs to the west
than to the East and in general better prediction is expected to
the west.
However, despite the massive number of stations employed
in Cortesi et al. (2013a,b) it became apparent that model-
ing monthly precipitation based on monthly frequency of WTs
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FIGURE 1 | (A) Main Mountain Ranges and Depressions of the Iberian Peninsula and (B) 16 SLP grid points used in the WTs computation.
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implied major disadvantages. The main caveat is related with
the unavoidable large estimation errors due to the limited num-
ber of predictors, but also as a consequence of multicollinearity
and heteroscedasticity that hamper the overall quality of attained
models (Wilks, 2006). Another serious limitation found was a
positive (negative) bias for the wet (dry) WTs, overestimating
the contribution for the WTs selected as predictors and under-
estimating it for the WTs not selected by the regression model.
Therefore, the use of a daily dataset, even with a smaller total
number of stations, could represent an advantage to the analysis.
This goal has become feasible only recently due to the merging of
Spanish (Herrera et al., 2012) and Portuguese (Belo-Pereira et al.,
2011), into the high density daily gridded precipitation data set
“Iberia02.”
To a certain extent, this work provides the extension of the pre-
vious studies by the authors Cortesi et al. (2013a,b), with several
major changes; on the one hand, unlike the monthly regres-
sion model widely used in Cortesi et al. (2013a), the analysis in
this work was performed using the daily gridded “Iberia02” pre-
cipitation dataset. The use of a daily dataset holds the obvious
advantage of measuring the daily rainfall amount due to eachWT
directly instead to relying on the predicted values of the regres-
sion model as done by the authors in their previous works. On
the other hand, the use of daily data allows the study of several
precipitation intensity related indices that are highly informative
and impossible to measure directly with monthly data, including
the mean precipitation of each WT and its relative Precipitation
Contribution, Precipitation Intensity, and Efficiency. Thus, the
broad objective of this work is to analyze at the higher possible
spatial and temporal detail the role played by each individual WT
at the daily scale and how they determine the Iberian precipi-
tation regime. To the best of our knowledge no previous work
has defined these daily WTs characteristics with so many stations
covering the entire IP.
DATABASE AND METHODS
PRECIPITATION DATABASE
As previously mentioned, the current work relies on the use of
the new daily gridded precipitation database “Iberia02,” which
spans the period 1950–2003 with a resolution of 0.2◦ (∼16 ×
22 km at latitude 40◦), for a total of 1673 pixels. It is based on
a dense network of rain gauges, combining two national data
sets, “Spain02” for peninsular Spain and Balearic islands (Herrera
et al., 2012), and “PT02” for mainland Portugal (Belo-Pereira
et al., 2011), with a total of more than 2000 station over Spain
and four hundred stations over Portugal, all quality-controlled
and homogenized. Although the actual number of stations in any
given year varies substantially due to variable availability of sta-
tions. Specifically, Spain02 is based on 2756 stations with at least
20 years of data and was interpolated by an indicator Kriging
(to select pixel with rainfall) followed by an ordinary Kriging.
The Portuguese dataset is based on a total of 806 station, most
of which (726) have at least 10 years of data. Although several
interpolation methods were tested to build the Portuguese grid-
ded dataset (Belo-Pereira et al., 2011), the final choice was the
same ordinary Kriging employed for the Spanish data (Herrera
et al., 2012).
Although Iberia02 results from a combination of two differ-
ent data sets, albeit with a common grid, there is no evidence of
artificial features at the border between Spain and Portugal, nei-
ther at the monthly scale nor at daily scale (Belo-Pereira et al.,
2011). The most important difference between Spain02 and PT02
is in the start of the daily accumulation period: daily precipitation
records obtained in Portugal for any given day n correspond to the
precipitation registered between 0900 UTC of day n − 1 and 0900
UTC of day n. On the other hand, Spanish rainfall records for
the same day n correspond to the precipitation registered between
0700 UTC of day n and 0700 UTC of day n + 1 (notice the differ-
ence in both the hours and the days). Thus, in order to derive
the most consistent common data set, the Portuguese daily pre-
cipitation database was shifted by 1 day, reducing the temporal
difference between the two database from 22 h to only 2 h. The
Spain02 has been recently used by the authors to rank precipita-
tion events in the IP and several major river basins (Ramos et al.,
2014).
WEATHER TYPES CLASSIFICATION
In this study we applied the WT classification methodology
adopted by Trigo and DaCamara (2000) for Portugal and that
takes into account physical and geometrical considerations, i.e.,
the direction and strength of airflow, the direction and vorticity
of geostrophic flow, and the signal and intensity of cyclonicity.
This approach is based on the corresponding objective classifica-
tion defined for the British Isles (Jenkinson and Collison, 1977;
Jones et al., 1993).
To determine the daily WTs for period 1950–2003, a set of 16
points (Figure 1B—p1 to p16) centered in IP was used to extract
daily SLP series from EMULATE Mean Sea Level Pressure dataset
(EMSLP), compiled by Ansell et al. (2006) with a resolution of
5◦ latitude by 5◦ longitude. Compared with Trigo and DaCamara
(2000), these points were shifted 5◦ eastwards in order to cen-
ter the entire grid in the middle of the IP. The indices used to
compute the WTs by means of the 16 daily SLP points were the
following: southerly flow (SF), westerly flow (WF), total flow (F),
southerly shear vorticity (ZS), westerly shear vorticity (ZW), and
total shear vorticity (Z):
SF = 1.305[0.25(p5 + 2p9 + p13) − 0.25(p4 + 2p8 + p12)]
WF = [0.5(p12 + p13) − 0.5(p4 + p5)]
ZS = 0.85[0.25(p6 + 2p10 + p14) − 0.25(p5 + 2p9 + p13)
− 0.25(p4 + 2p8 + p12) + 0.25(p3 + 2p7 + p11)]
ZW = 1.12[0.5(p15 + p16) − 0.5(p8 + p9)]
− 0.91[0.5(p8 + p9) − 0.5(p1 + p2)]
F = (SF2 + WF2)1/2
Z = ZS + ZW
The conditions established to define different types of circulation
are the same as in Trigo and DaCamara (2000), and thus the same
set of rules were adopted:
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(a) Direction of flow was given by tan−1(WF/SF), 180◦ being
added if WF was positive. The appropriate direction was
computed using an eight-point compass, allowing 45◦ per
sector.
(b) If |Z|< F, the flow is essentially straight and was considered to
be of a pure directional type (eight different cases, according
to the directions of the compass).
(c) If |Z|> 2F, the pattern was considered to be of a pure cyclonic
type if Z> 0, or of a pure anticyclonic type if Z< 0.
(d) If F < |Z| < 2F, the flow was considered to be of a hybrid
type and was therefore characterized by both direction and
circulation (8 × 2 different types).
Taking into account this set of rules, a total of 26 WTs were
defined, 10 pure types (Figure 2: NE, E, SE, S, SW, W, NW, N, C,
and A), and 16 hybrid types (8 for each C or A hybrid). The 8 pure
types associated to a specific wind direction are called Directional
types. We disseminated the fairly few cases (<1%) with possibly
unclassified situations among the 26 classes.
PRECIPITATION INDICES
To study the relationship between daily precipitation andWTs, six
mean monthly indices were analyzed: the WTs Frequency, Mean
Precipitation, Percentage Contribution, Intensity, Efficiency, and
Area of Influence. All these indexes (except the WTs Frequency)
are first calculated for each individual pixel of the precipitation
grid, and then are averaged over the 1673 Iberian pixel (including
Balearic Islands).
The shift from monthly to daily precipitation allows to com-
pute new rainfall indexes such as the Mean Precipitation of each
WT, the Precipitation Intensity and Efficiency that were not stud-
ied in the previous work (Cortesi et al., 2013b). In that work a
large number of regressionmodels were developed at the monthly
scale for each station; however, such approach presents serious
limitations, for example the systematical overestimation of pre-
cipitation assigned to the WTs that were selected as predictors by
the stepwise regression model and vice versa, the wrong attribu-
tion of no rainfall amount to the WTs that were not selected as
predictors. In order to avoid any misleading interpretation of the
results obtained we would like to provide a brief description of all
the precipitation indices used:
• The Mean Precipitation of each WT is the simple sum of the
rainfall amount during the days affected by that specific WT
throughout all the years of the study period (1950–2003) at
monthly level, divided by the total number of years (i.e., the
monthly climatology of the WT in mm):
Pwt =
∑2003
j= 1950
∑365
i= 1 Pwt(i, j)
N
• The Percentage Contribution of each WT is equal to the Mean
Precipitation of that WT divided by the mean monthly total
precipitation during the same period:
Cwt = Pwt
Ptot
• The Precipitation Intensity for a given WT is defined as the
sum of the daily precipitation due to the WT during the period
1950–2003 at monthly level, divided by the total number of
days that belong to the same WT and period (including dry
days):
Iwt =
∑2003
j= 1950
∑365
i= 1 Pwt(i, j)
∑2003
y= 1950 nwt(y)
• WTmonthly Precipitation Efficiency is a percentage defined as
the ratio between the number of wet days (≥1mm.) affected
by the WT for all the same months during the whole period
1950–2003 and the total number of days affected by the WT
in all months of the same period. Thus, it measures the daily
rainfall probability (%) of the WT:
Ewt =
∑2003
y = 1950 nwetwt (y)
∑2003
y = 1950 nwt(y)
• The Area of Influence of eachWT is the ratio between the num-
ber of grid pixel with Mean Precipitation of 1mm. or greater
and the total number of IP pixel. As such, it measures the % of
the IP land surface where a WT has at least a small influence
(1mm) on precipitation:
Awt = Npixel(Pwt ≥ 1mm)
Ntotpixel
The Mean Precipitation, Percentage Contribution, and the
Precipitation Intensity were first introduced by Trigo and
DaCamara (2000) and where also measured by Fernández-
González et al. (2012), who in the same paper presented the
Precipitation Efficiency index for the key series of Leon (NW
Spain). In particular the Area of Influence index, to the best of
our knowledge, was never presented before in literature.
WT FREQUENCY AND OVERALL CONTRIBUTION TO
PRECIPITATION
WT FREQUENCY
A crucial characteristic to determine the role played by the WTs
on the monthly precipitation regime is provided by how often
they occur, i.e. by their frequency. Themonthly frequency ofWTs,
expressed in% of days per month, is shown inTable 2. It is imme-
diately noticeable that no WT occurs more than 30% of days for
a given month.
The pure A type is the most frequent WT from September
to May (maximum of 27.2% in January); in June it is replaced
by the NE as the most frequent WT during the three summer
months (maximum of 28.6% in July). If we are interested in the
top three WTs throughout the year than A, W, and SW are more
frequent during winter, while NE, N, and E during summer. On
the other hand C, SE, and NW present higher frequencies during
spring and S during autumn. Hybrid Anticyclonic WTs globally
dominate in winter, with a global overall maximum of 49.5% in
January and a minimum of 28.4% in July. Hybrid Cyclonic WTs
are the less frequent, with a combined maximum of 19.5% in
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FIGURE 2 | Mean SLP field configuration of the 10 pure WTs for period 1950–2003. The contour interval is 2 hPa.
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Table 2 | WTs mean monthly frequency (in %) from 1950 to 2003, starting from December.
Last column shows the mean of the 12 monthly values for each WT. Color scale helps visualize inter monthly variability. Scale number at right (28.6) refers to the
highest frequency of all 26 WTs, while scale midpoint (white color) is equal to the first quartile (0.7). A similar red/blue scale is applied to the last three rows, but
with different quartile and maximum values (not showed).
April and a minimum of 5.8% in August, but individually are
often below 0.5%, suggesting that these classes represent much
less common atmospheric configurations. Some of these WTs
classes show a maximum of occurrence in spring, or a bimodal
annual cycle with maximum in spring and autumn. Overall, it is
interesting to note from Table 2 that the mean annual frequencies
of the Directional, Cyclonic, and Anticyclonic WTs are roughly
50, 10, and 40%, respectively. These results are similar with those
described in Cortesi et al. (2013b), in which the same reanaly-
sis dataset EMSLP was employed, but during a slightly different
period (1948–2003 instead of 1950–2003). In addition, new infor-
mation regarding the monthly means and the WTs sub-totals are
grouped into seasons.
PERCENTAGE CONTRIBUTION
Previous works with just a few stations have shown that a rela-
tively small number of WTs are responsible for the bulk of the
precipitation over western Iberia (Trigo and DaCamara, 2000) or
southern Spain (Goodess and Palutikof, 1998) of northwestern
Galicia (Lorenzo et al., 2008). Here we intend to evaluate this
dependence using a much larger precipitation dataset and using
the spatial averaged values over the entire IP. Thus, the monthly
sequence of the seven “wettest” WTs for each month is presented
in Figure 3 and Table 3. A simple glance to this figure shows that
roughly 20% of total monthly Iberian precipitation depends from
a single WT in autumn and winter months (W), and around
50% only from three WTs (W+C+SW). However, these three
WTs have a combined frequency of occurrence of about 15%,
i.e., confirming that a small number of WTs indeed captures a
high percentage of monthly precipitation variability. If one con-
siders all the months of the year then seven non-hybrid WTs
generate almost 70% of total monthly Iberian precipitation: W
(14.7%), C (12.4%), NE (11.4%), SW (8.8%), NW (8.4%), N
(7.7%), and E (6.2%).
The type and order of the seven wettest WTs varies substan-
tially throughout the year. The W type is the highest contributor,
from September to March generating about 20% (maximum of
23.3% in January) of monthly rainfall amount, and at the same
time during these months its contribution is the highest between
all the 26 WTs. During the transitional months of April and May
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FIGURE 3 | Percentage Contribution of the seven “wettest” WTs to
total monthly Iberian precipitation (1950–2003). Highest WT contributors
are placed at bottom and the lowest at the top. At monthly level, the type
and the order of the seven wettest WTs varies, but considering also
repeated WTs, the total number of WTs is 13. Red line shows the Mean
Precipitation in mm.
the C type replaces the W type as main contributor (especially in
April, when the% difference between C andW is of 11%) and also
affects considerably all not-summer months (contribution>10%
during September–June), always positioning in the top three con-
tributors position with the exception between July and August.
During the three summer months, W and SW lose importance in
favor of NE and N types; however, it must be stressed that despite
their high percentage it accounts for only a few mm of precip-
itation due to the small total Iberian Precipitation in summer
(red line in Figure 3). September is another transitional month
during which the W type returns as the main WT contributor
through the subsequent autumn and winter months up to March
(included). The fourth WT with the largest contribution is the
SW type; its contribution is particularly large during the extended
winter half of the year, i.e., from October to March, being respon-
sible of more than >13% of monthly precipitation, with a peak
of 17.4% in December. Despite never reaching the rank of most
important WT contributor, it plays a major role as along with W
and C, with the “C-W-SWwet triplet” being responsible for about
50% of total rainfall from October to March. The overall contri-
bution of NW type is quite constant in time, as it always appears
in the fourth or fifth rank (third in April), followed by the N type,
which has a temporal pattern similar to the NE type, both with
a summer maximum. The only Anticyclonic WT observed is the
pure A type in fifth position in February. Its frequency is the high-
est between all WTs (almost 1 day of 5), but its mean monthly
Percentage Contribution is quite small compared to its frequency:
only 3.1%. It is worth to notice that the S and SE Directional WTs
never appear in the sequence of the seven wettestWTs. Thus, from
the eight original Directional WTs, only six of them contribute
significantly to Iberian precipitation.
The Percentage Contribution index attributes equal weight
to each month, including summer months which have only a
fraction of the winter precipitation; if we consider instead the
seven wettest WTs for the Mean Precipitation index (not shown),
than the importance of NE diminishes, shifting from third to fifth
position in the wettest WTs sequence, and there are other minor
changes in the order of the sequence.
We acknowledge that some of the results presented in this sec-
tion do not differ substantially from those obtained previously for
IP using precipitation at the monthly scale (e.g., Paredes et al.,
2006; Cortesi et al., 2013a,b). Nevertheless, the use of a daily
dataset ensures considerably more reliable values of individual
WTs Percentage Contribution. This better assessment results from
the strong caveats associated with the monthly model precipita-
tion methodology, based on monthly frequency of WTs. In fact,
the modeling approach presents misleading results for the less fre-
quent WTs, implying positive (negative) bias for the wet (dry)
WTs. These biases are responsible that the apparent negligible
contribution from the drier WTs and exaggerated contribution
associated to wetter WTs (compare Table 2 from Cortesi et al.,
2013b with present work Table 3).
Additional analysis on the role of different WTs can be
obtained clustering them according to their primary char-
acteristic (Figure 4), i.e., dominated by the geostrophic flow
(Directional types) or dominated by the geostrophic vorticity
(Cyclonic and Anticyclonic broad classes). If one considers again
the entire IP then the total annual precipitation depends more
than 60% from Directional types, almost 30% from Cyclonic
WTs and a little more than 10% from Anticyclonic WTs. This
is particularly interesting if compared with the average monthly
WTs frequencies from Table 2, which are about 50, 10, and
40%, respectively. Thus, Cyclonic WTs have a small occurrence
(10.7%), but are responsible of almost 30% of overall precipi-
tation, three times their frequency, while Anticyclonic WTs are
frequent (39.3%), but contribute only to 11.3% of monthly rain-
fall, almost four times less than their frequency. This imbalance
between WT frequency and Percentage Contribution is expressed
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Table 3 | Percentage Contribution of each WT to total monthly Iberian precipitation.
Last column shows the mean of the 12 monthly values for each WT. Color scale helps visualize inter monthly variability. Scale number at right (33.2%) refers to the
highest contribute of all 26 WTs, while scale midpoint (white color) is equal to the first quartile (0.8%).
FIGURE 4 | Monthly mean of WT Frequency, Percentage Contribution,
and Precipitation Efficiency for the three main WT classes: Directional
(N, NE, E, SE, S, SW, W, NW), Cyclonic (C, CN, CNE, CE, CSE, CS, CSW,
CW, CNW), and Anticyclonic (A, AN, ANE, AE, ASE, AS, ASW, AW and
ANW).
by the Precipitation Efficiency that is considerably higher for the
Cyclonic types (40.6%) and low for Anticyclonic ones (9.9%) as
shown in Figure 4.
SPATIAL ANALYSIS
The effects of each WT on the precipitation regime of the
IP are related to all the indices mentioned in the Methods
Section, i.e., its temporal Frequency (Table 2), Mean Precipitation
(Table 3), Percentage Contribution (Table S1), total Area affected
(Table S2), Precipitation Intensity (Table S3), and Efficiency
(Table S4). This preliminary analysis conducted in the previous
section and also in the above mentioned Tables is based only on
precipitation averaged over the entire IP. Naturally, results will
vary considerably if one looks into the individual behavior of each
single grid cell or pixel. Therefore, it is of paramount importance
to analyze the spatial distribution of each index, focusing on one
WT at a time.
The analysis of WTs that follows illustrates the spatial distri-
bution of the effects on monthly precipitation relative to three
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of the seven most prominent (i.e., wettest) WTs, namely; the
W, C, and NE (Figures 4–6) with the remaining WTs being
showed in the Supplementary Material. Taking into account the
strong seasonal cycle but also the impossibility of showing the
results for all the months we have limited this analysis to the
four representative months in the middle of each season: January
for winter, April for spring, July for summer, and October for
autumn. Each figure includes 16 different sub-plots of the area
affected by the specific WT at the monthly scale relative to four
indices; (1) Mean Precipitation, (2) Percentage Contribution,
(3) Precipitation Intensity, and (4) Precipitation Efficiency. Note
that the spatial distribution of the Mean Precipitation is always
proportional to the Precipitation Intensity, only the magni-
tude is different (recall definitions in Section Precipitation
Indices).
WESTERLY (W) WEATHER TYPE
The most prominent WT affecting IP precipitation at monthly
level is W and the overall characterization is shown in Figure 5.
The corresponding atmospheric circulation pattern consists of
high pressure centered west of the Canary Islands and a low pres-
sure system placed on average just west of Ireland (Figure 2). As
a consequence, Atlantic westerly flows enter in the IP reaching
the mountain arch and affecting the entire IP but particularly
the north-western sector. This pattern affects substantially from
September toMarch. Highest effects are noticed to the northwest-
ern areas where more than 30% of January, February and March
precipitation depends on this WT, even if its influence spreads
even along the western part of the Pyrenees (Figure 1). There are
two areas in which the effects of W type do not contribute noto-
riously to explain monthly precipitation: the Cantabric coastland
FIGURE 5 | Westerly (W) composite maps for the Mean Precipitation, Percentage Contribution, Precipitation Intensity, and Efficiency. The 4 months in
the middle of each season are representative of each season: January for winter, April for spring, July for summer, and October for autumn.
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FIGURE 6 | As Figure 5 but relative to the Cyclonic (C) class.
to the north, and the Mediterranean fringe to the east, includ-
ing the north-inland Ebro basin. Precipitation Intensity is highest
in the northwestern areas (including most of Portugal) because
of local orography. The same is true for Precipitation Efficiency,
which reaches a maximum of almost 100% in the same areas and
then decreases to almost 0% in a clear diagonal gradient from
north-west to south-east.
PURE CYCLONIC (C) WEATHER TYPE
The spatial distribution and contribution to precipitation
associated to the C type is shown in Figure 6. The corresponding
composite SLP pattern (Figure 2) is dominated by a low pressure
center over the IP. The spatial impact of this WT type is differ-
ent from the W type described previously. Its maximum effects,
in terms of contribution to monthly precipitation are clearly
observed in spring season, but are also relevant during autumn
and winter. The shape of the affected area of its Percentage
Contribution has a diagonal orientation from north-east to
south-west, i.e., relative precipitation in the northwest and south-
east sectors of IP does not depend much on this WT, while the
shape of the affected area of its Mean Precipitation gives more
weight to the orography, particularly to the Central System and
the Bethic System. Differently from the Percentage Contribution,
the Precipitation Intensity is highest in autumn and winter, not
in spring, because C frequency is smaller in the former season,
while the Precipitation Efficiency is almost the same for both
seasons, generally between 25 and 75%, and increasing from
west to east, with a spatial variation inferior than the Westerly
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WT, which in the same month could range from 1 to 100% of
Efficiency.
NORTHEASTERLY (NE) WEATHER TYPE
The NE type pattern consists of a high SLP center located to the
north of Azores but extending further north and east than the
average patterns for the N type (Figure 2). Its effects on IP precip-
itation are less extended than those described previously for theW
and C types and with a different peak season (Figure 7). Thus, the
Mean Precipitation and Area of Influence are lower throughout
the year (Tables S1 and S2), and limited to some coastal areas to
the east and north of IP. Only its Percentage Contribution is very
high in summer, particularly in July and August, because in these
months there are fewWTs contributing to monthly rainfall. Thus,
its Percentage Contribution can reach very high values (>40%),
even if the Mean Precipitation is small or very small (<1–2mm.).
This is also due to the very high summer NE frequencies, that
distributes the small NE rainfall amount in a large number of
days, determining a very small summer Precipitation Intensity
(<1mm/day) and Efficiency (<25% for the majority of IP).
COMBINED ANALYSIS OF PRECIPITATION INDICES
In this section we perform a combined analysis of the three
most innovative precipitation indices (Precipitation Intensity,
Precipitation Efficiency, and Area of Influence). In this way, we
can identify visually in appropriate scatter-plots the nature of
these relationships (e.g., linear vs. non-linear, level of dispersion,
etc.) and also how such links vary with WTs. In these represen-
tations (Figures 8–10) each point represents a single WT during
a specific month, therefore there is a total of 312 values (26 ×
12 = 312 points).
PRECIPITATION INTENSITY vs. PRECIPITATION EFFICIENCY
Due to the similar definition of Precipitation Intensity and
Precipitation Efficiency (see Section Precipitation Indices), which
only differ in the numerator, these two indexes are highly
FIGURE 7 | As Figure 5 but relative to the Northeasterly (NE) class.
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FIGURE 8 | Scatter plot between the Precipitation Intensity and the
Precipitation Efficiency. Each point represents a single WT during a
specific month (total of 26 × 12 = 312 points). R2 of the linear fit is 0.94.
The five WTs with the highest mean monthly Efficiency are highlighted in
color, in order of decreasing Efficiency from left to right. For these five WTs,
the three winter months (D-J-F) are shown as circles, the three spring
months (M-A-M) as triangles, summer months (J-J-A) as squares, and
autumn (S-O-N) as triangles pointing downward.
FIGURE 9 | Scatter plot of the Percentage Contribution as a function of
the Area of Influence. The five “wettest” WTs (W, C, NE, SW, and NW)
are highlighted in color with a legend similar to Figure 8.
correlated between them, as can be seen from their scatter plot in
Figure 8. This fact explains the sequence of the five most intense
WTs is very similar to the sequence of the five most efficient ones
(from Figure 8: CW; CSW; CNW; C; W). Four of the five WTs
FIGURE 10 | Similar to Figure 9 but for Percentage Contribution vs.
Precipitation Intensity.
with the highest Precipitation Efficiency are hybrid C types; the
fifth is theW type. We should elucidate that these Cyclonic hybrid
types tend to occur at much lower rates than most Directional or
Anticyclonic types (Table 1), often less than 1%, and therefore
contribute poorly to the total precipitation. Another interest-
ing aspect results from the apparent existence of two regimes in
Figure 8, with higher correlation values and lower dispersion at
low intensity or efficiencies.
The global high Precipitation Intensity and Efficiency of pure
Cyclonic type (C) is also extensive to all hybrid C types. Themaxi-
mum value of Efficiency is 70.2%, reached by the CSW in January.
Each WT presents a seasonal cycle that alternates between mini-
mum Efficiency and Intensity values in summer months, and its
maximum in one of the other seasons.
PERCENTAGE CONTRIBUTION vs. AREA OF INFLUENCE
A different measure of the relevance of each WT on IP precipi-
tation regime is given in Figure 9, where we present the scatter
plot between the Area of Influence for each month and WT
and its corresponding Percentage Contribution. The correlation
is good but not as high as for the Precipitation Intensity and
Efficiency (Figure 8) due to the non-linear nature of this rela-
tionship, especially for values with very high (>80%) Area of
Influence.
The onlyWTwhich almost completely affects the IP (>99.9%)
is the C type from October to April; its Area of Influence is very
high also during September, May, and June (>92%), and only in
July and August falls below 31% (see Table S2). The second most
widespread WT influential area is the NW, which spreads to over
90% of IP during all non-summer months and March, followed
closely by the W, which covers more than 89% of IP during all
not-summer months. These three WTs impinge their influence
over extended areas of IP, while in general other WTs provide a
more localized contribution over relatively narrow areas usually
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with a limited percentage of total monthly precipitation of IP, but
locally being important.
The spatial extension of NE and N types is also important but
lower than the three previous ones, in any case their global mean
monthly extension is over 65% of IP, and during a few months
their affected area is larger than 90% (May–June for NE, May for
N, October to March for SW). Their seasonal cycle is similar to
the most prominent WTs but often affecting considerably smaller
areas than those three wet WTs.
It’s important to stress that other WTs can affect extended
areas but during shorter periods of the year. Among those
that are relevant during the warm season we can find (see
Table S1 of the Supplementary Material): E (May, June, and
September), CNE (April), and CE (May); during autumn many
WTs reach their maximum extension, between them 5 Cyclonic
and 5 Anticyclonic types: the SE (October), CSE (October),
CE (September), CSW (November), CW (October), CNW
(November), A (September, with a secondary maximum in
January), ANE (September), AS and AE (October), and lastly ASE
(November). Even in winter season several extended WTs are vis-
ible, such as NW, S, CS, CSW, CNW, AW, ANW, ASW, even if
the three last Anticyclonic WTs affect at their maximum less than
70% of IP. Only in spring the Area of Influence is minimum, and
it is limited to only the CNE and CE types.
PERCENTAGE CONTRIBUTION vs. PRECIPITATION INTENSITY
As we have shown previously in Table 3 and Figures 2, 3, just a
few “wet” WTs dominate the precipitation over large parts of IP
particularly theW, C, SW, NE, andNW. The situation is more var-
ied in case of the Precipitation Intensity. The scatter plot between
the Percentage Contribution and the Precipitation Intensity is
presented in Figure 10. The majority of WTs show low contribu-
tions (<3%), but have varying intensities, ranging from near 0 to
9.2mm/day, typically lower for Anticyclonic types and higher for
Cyclonic ones.
Precipitation Intensity of Cyclonic WTs is clearly higher than
Directional or Anticyclonic types, as they produce more precipi-
tation when they occur, even if their Percentage Contribution is
inferior to the Directional types. For this reason, the C Type is
found along the lower right tail of the distribution in Figure 10.
The five “wettest” WTs dominate the upper right part of the
scatter plot with contribution >3%, always reaching their maxi-
mum Precipitation Intensity during autumn or winter, and then
falling to a minimum of both Intensity and Contribution dur-
ing summer (except NE, which in summer reaches the maximum
Contribution). The same seasonal pattern is also observed for
most other WTs, exceptions being CN during spring and CNE
during summer (see Table S3 of the Supplementary Material).
The three green squares in the upper left corner of Figure 10
refer to the high Contribution of NE type during summer, but
its Intensity is low because in this period its Frequency is very
high (≈25%).
DISCUSSION AND CONCLUSIONS
Climate variability at sub-regional scale is generally higher than
on hemispheric or global scale (Giorgi, 2002). This is especially
true for precipitation because its variability shows less spatial
averaged predictability and higher temporal variability than any
other climate element (Quadrelli et al., 2001; Xoplaki et al., 2004).
It also reflects the fact that several different spatial scale pro-
cesses from hemispheric to local convective, are in one way or
another, related to precipitation. Thus, research on precipitation
at sub-regional scales depends more than other climate elements
on both, (1) the availability of spatially dense databases (Lana and
Burgueño, 2000; Huntington, 2006; Trenberth et al., 2007), and
(2) the length and completeness of the series (Llasat and Quintas,
2004; Xoplaki et al., 2004). We have applied this approach in
the present study to analyze at the highest available spatial detail
the relationship between WTs and daily monthly precipitation
in the IP.
In a recent paper focused on WTs at general scale of the IP,
Cortesi et al. (2013a) stated that the number of WTs that con-
tribute to monthly precipitation decreases from western areas to
eastern Mediterranean fringe. The authors concluded that the
high variability of precipitation in the eastern areas is due to
the dependence on a few number of WTs, while to the west the
anomalous behavior of one or two WTs could affect the total
amount to a lesser extent.
Some of the results presented in the present work are in accor-
dance with those obtained previously by other researchers for
IP using precipitation at the monthly scale (e.g., Paredes et al.,
2006; Cortesi et al., 2013a,b). However, the use of a high resolu-
tion daily dataset implies much more robust results, in particular
we have noticed that the monthly approach has serious limita-
tions, namely positive (negative) bias for the wet (dry) WTs, quite
often stating that the contribution from drier WTs is negligible
or null while the contribution of wetter WTs is overestimated.
For comparison see the large number of zero entrances in the
individual WTs contribution in Table 2 (Cortesi et al., 2013b)
that are not negligible at all in the corresponding analysis in the
present work (Table 3). Additionally we have obtained finer spa-
tial detail results of the WT impact in precipitation and novel
results related with combined analysis of precipitation indices
related to WTs.
Overall the main results can be summarized as follows:
1. Most of the precipitation is produced by just a few WTs that
contribute to a large percentage of the monthly precipitation
in most areas of IP; however, their Efficiency varies substan-
tially, being the most efficient WTs the Cyclonic cluster types
throughout the year, and the Directional (those with a west-
ern component) being also efficient precipitation generators
in winter months.
2. The WTs that dominate the precipitation during winter
months (D-J-F) in central, western and southwestern areas
of IP are pure C, and Directional W and SW. These three
WTs have a combined frequency of occurrence of about 15%,
but are responsible for up to 50% of the precipitation in
winter. This confirms that a small number of WTs indeed
captures a high percentage of monthly precipitation variabil-
ity (Trigo and DaCamara, 2000; Paredes et al., 2006) In the
Mediterranean coastland the winter precipitation is linked
mostly with easterly flows, noticed by Queralt et al. (2009) and
Muñoz-Diaz and Rodrigo (2006).
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3. Summer monthly precipitation is usually associated to
Northerly or Easterly flows in the IP as suggested by Lorenzo
et al. (2011) in northwest areas, or by Muñoz-Diaz and
Rodrigo (2006) for the whole IP. During summer months the
analyses show that different WTs effects are restricted to rela-
tively narrow areas and during short temporal intervals (one
or two months), suggesting that local factors such as relief
and deep convection processes could play a major role in
precipitation spatial variability.
4. Monthly precipitation during spring and autumn depends
mainly from two WTs, namely W and C. We did not observe
a clear distinction at IP scale previously noticed between these
two seasons as suggested by Lorenzo et al. (2011), Muñoz-Diaz
and Rodrigo (2006).
5. Three contrasted areas accordingly WTs can be delimited:
5.1. Northern Cantabrian coastland, from the sea line to the
mountain line, extended from west to the east, where
precipitation depends particularly on N and NW.
5.2. Central-southwest, depending on W, SW, and C, extend
from western coastland to the inland mountain line.
5.3. Mediterranean coastland and Ebro basin, delimited by
the Iberian System and Bethic Systemmountain chain (to
the west), the Pyrenees (to the north), and the sea line (to
the east). In this area monthly precipitation depends on a
variety ofWTs, and their effects are confined to very small
areas.
6. The geographical disposition of the main mountain chains in
the IP, i.e., from west to the east, has been attributed as one
of the main factor that promotes the spatial distribution of
precipitation and their trends (Gonzalez-Hidalgo et al., 2011),
and here we have shown that also they contribute to estab-
lish a very well delimited areas accordingly to specific WTs
effects.
7. The most efficient WTs corresponds to the CW; CSW; CNW;
C; W. However, these Cyclonic hybrid types tend to have low
occurrence monthly rates and therefore do not contribute
significantly to the total precipitation.
8. The spatial influence of the five “wettest” WTs (W, C, NE,
SW, and NW) is particularly large. For the C type, the area
of influence is almost 100% of the IP during the extended
inter months and decreases for the other months of the year.
In addition, the other four WTs impinge their influence over
extended areas of IP, while in general the remaining WTs
provide a more localized contribution over relatively narrow
areas.
All of these aspects are crucial to understand the recent behav-
ior of precipitation in the IP, and form the basis for detailed
downscaling analyses for future projections. Finally, this study
shows that WTs approach is able to explain at high spa-
tial detail a very high proportion of monthly precipitation
variability, and can be a useful argument for precipitation
analyses at high resolution in future projections. The results
cover also the spring and autumn season less studied until
now, and offer information about both seasons in which, for
extended areas of IP, the maximum of precipitation are produced
(de Luis et al., 2010).
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